Common environmental contaminants such as bisphenols and phthalates and persistent contaminants such as polychlorinated biphenyls are thought to influence tissue homeostasis and carcinogenesis by acting as disrupters of endocrine function. In this study we investigated the direct effects of exposure to bisphenol A (BPA), mono-n-butyl phthalate (Pht), and polychlorinated biphenyl 153 (PCB153) on the proteome of primary organotypic cultures of the mouse mammary gland. At low-nanomolar doses each of these agents induced distinct effects on the proteomes of these cultures. Although BPA treatment produced effects that were similar to those induced by estradiol, there were some notable differences, including a reduction in the abundance of retinoblastomaassociated protein and increases in the Rho GTPases Ras-related C3 botulinum toxin substrate 1 (Rac1) and cell division cycle protein CDC42. Both Pht and PCB153 induced changes that were distinct from those induced by estrogen, including decreased levels of the transcriptional corepressor C-terminal binding protein 1. Interestingly, the three chemicals appeared to alter the abundance of distinct splice forms of many proteins as well as the abundance of several proteins that regulate RNA splicing. Our combined results indicate that the three classes of chemical have distinct effects on the proteome of normal mouse mammary cultures, some estrogen-like but most estrogen independent, that influence diverse biological processes including apoptosis, cell adhesion, and proliferation.
B
reast cancers are caricatures of normal tissue development (1) (2) (3) . The same underlying mechanisms that affect the cell processes needed for normal mammary development contribute to cancer progression. By affecting the distribution of interacting cells and communication among them through nontargeted effects, carcinogens can promote the outgrowth of altered cells with malignant potential. Exposure to environmental agents can affect mammary gland development and alter breast cancer risk. Epidemiologic studies have associated a number of environmental factors with increased breast cancer risk (4) . Some of these factors may have low-level effects that are not genotoxic but alter immune responses, vascularity, or the microenvironment or that change susceptibility to carcinogens. A current weakness in models of cancer risk assessment is the lack of consideration of factors that influence the susceptibility of mixed cell populations to transformation. Indeed, ionizing radiation, the prototypical carcinogen, promotes changes in the biochemical properties in cultured mouse and human breast cells, in the stromal environment, and in intact mouse mammary gland (5) (6) (7) .
Physiologically relevant 3D culture models can recapitulate crucial aspects of the dynamic and reciprocal signaling necessary for establishing and maintaining tissue-specific morphogenetic programs. The determination of the molecular mechanisms underlying mammary gland morphogenesis and tumorigenesis is facilitated by the use of model systems that are easier to manipulate and that facilitate higher throughput than in vivo genetics and pharmacogenomics. Organoid behavior in basement membrane gels (Matrigel) models terminal end bud invasion in normal development, whereas behavior in collagen gels approximates side-branching, epithelial-to-mesenchymal transition (EMT), and early neoplastic progression (8) . Indeed, altered morphologies of breast cancer cells correlate with their geneexpression profiles (9) . These cultures provide the opportunity to validate the effects of environmental stressors on human breast tissue, the critical next step for developing markers of exposure.
Our goal was to develop a model system for evaluating the impact of environmental stressors on breast tissues and elucidating the effects of low-level exposures. We investigated the perturbation of normal mammary development by environmental chemical stressors in mouse mammary tissue in 3D culture models. Using data obtained in the Breast Cancer and Environment Research Centers (10-13), we focused on xenobiotics that were detected in the serum and/or urine of girls undergoing puberty. We used mono-n-butyl phthalate (Pht), bis-phenol A (BPA), and polychlorinated biphenyl 153 (PCB) for our initial analysis. Recent studies have shown that treatment of mice with BPA during puberty leads to an increase in mammary stem cells and alters their functions (14) . However, whether these effects are direct or indirect is not known. BPA, which produces dramatic changes in the appearance of human cells at doses ≥10 ng/mL, has been measured in the blood and tissues of pregnant women at 0.5-100 ng/mL (15) . Di-n-butyl phthalate, an environmental contaminant with significant human exposure, is metabolized to the monoester mono-n-butyl phthalate (MBP), an active metabolite. Because a number of the compounds detected in serum are reported to be hormone disruptors, we used estradiol (E2) as a positive control. The experiments were designed to target the events in mammary epithelium during
Significance
We demonstrate that exposure to three environmental chemicals suggested to affect breast development-bisphenol A, mono-n-butyl phthalate, and polychlorinated biphenyl 153-at physiologically relevant doses results in unique responses and alterations in the proteome. This study provides insights into how the mammary epithelium changes in response to physiologically relevant exposures to xenobiotic chemicals. These changes could be correlated with increased risk of transformation or important changes in function.
puberty, using this organotypic assay, which recapitulates many of the events in puberty (16) and is free from the systemic effects of these compounds. We hypothesized that exposure to environmental agents causes changes in the composition of mammary proteins that may lead to increased susceptibility to carcinogenesis.
Results and Discussion
Proteome Transformation After Xenobiotic Exposure. We analyzed the effects of physiological levels of various xenobiotics, e.g., endocrine disruptors/estrogenic chemicals, on the proteome of primary organotypic cultures of mammary glands from 6-to 8-wk-old FVB/n mice. We compared relative protein abundances by quantitative mass spectrometry. Four biological replicates were exposed to 20 nM BPA, Pht, PCB153, or E2 for 6 d (Fig.  1A) ; exposure to 0.0002% DMSO was used as a vehicle control. Continuous exposure of organoids to BPA, MBP, and PCB altered developmental branching patterns, resulting in smaller structures with reduced numbers of invasive branches than seen in vehicle-treated controls (Fig. 1B) . When invasive branches did occur in the PCB-and Pht-treated samples, they appeared to have altered morphology with thicker bases.
To define the proteome changes occurring after chemical exposure, we compared relative protein abundances by quantitative mass spectrometry. Tryptic peptides of the four independent mammary organoid cultures for each treatment were labeled with isobaric tags (iTRAQ 8plex reagents) and were analyzed by LC-MS (Fig. 1A ). Samples were randomized to generate three multiplexes, and relative protein ratios were calculated from the reporter ions using ProteinPilot software (17) . The total number of proteins detected at a 5% false-discovery rate (FDR) in each multiplex ranged from 4,292 to 5,081 (Fig. 1C) , and 4,020 proteins had quantification values in all multiplexes ( Fig. 1D and Dataset S1).
Treatment with each environmental chemical or E2 ( Fig. 2A ) resulted in distinct protein profiles. Analysis with the Limma package was used to define statistically significant differences compared with DMSO-treated control cultures. Approximately equal numbers of proteins were found in increased and decreased abundances in all treatments. However, treatment with E2 resulted in the greatest number of changes in abundance, with 7% of the proteins altered ( Fig. 2 B and C) . The other treatments changed approximately half that number of proteins, 2.8-4.2% of the total number of quantified species.
Next we performed hierarchical clustering analysis, considering the relative abundance of altered proteins in the four treatment groups relative to control. The changes in the E2-treated cultures were distinct from the changes observed in the organoids treated with PCB or Pht (Fig. 2D and Dataset S2). However, the proteome responses to BPA, with some exceptions as discussed below, correlated well with the responses to E2. Moreover, the changes in protein abundance profiles of each of the environmental chemically treated cultures were distinct, suggesting that each chemical has a different mode of action in terms of its influence on branching morphogenesis.
Functional Classes of Proteins and Pathways Changed by Exposure to
Environmental Chemicals. To determine whether a subset of proteins altered by exposure could sensitize mammary epithelium to transformation, differentiation, and other premalignant processes, we took an approach that considers the direction and type of all signals in a pathway and identified the biological processes characteristic of the proteins altered by each chemical (18, 19) . The Elim pruning method, which iteratively removes the genes mapped to a significant gene ontology (GO) term from more general (higher level) GO terms was used to overcome the limitation of errors introduced by considering genes multiple times (20) . A modest number of biological processes (29/385) were affected by more than one chemical exposure (Fig. 3A) . Only activation of the complement cascade, lectin pathway, involved in the regulation of immune processes, was common to all four treatments ( Fig. 3B and Dataset S3). BPA, E2, and PCB all exerted effects on the proteins that regulate glycolysis. Protein autophosphorylation, which affects regulatory mechanisms and can promote proliferation and transformation (21) , was perturbed in E2-and PCB-treated cultures. A comparison of BPA-vs. E2-treated cultures revealed alterations in extracellular matrix organization, glycolytic process, cell migration, and activation of Ral GTPase activity. Recently, RalA activity was shown to promote the invasion of breast cancer cells in vitro (22) . All 10 of the biological processes affected by both Pht and PCB were defined by a single protein per process. In the main, however, these analyses revealed that, in concordance with the slight overlap of differentially expressed proteins, the majority of altered biological processes were chemical-specific.
Next, we performed GO analysis of the molecular functions (Fig. 3C ). As expected from the morphological changes observed, structural molecule activity was altered in all conditions ( Fig. 3D and Dataset S4). DNA-binding functions were affected by the environmental chemicals but not by E2. The chromatinbinding Toll-like receptor (Tlr) ligand Hmgb1 was reduced in all three environmental chemical treatments. Tlr-2 signaling is an important contributor to the maintenance of the mammary epithelial repopulating unit and is required for normal ductal outgrowth (23) . Two overlaps in affected function between BPAand E2-treated organoids were observed: heparin binding and integrin binding.
To identify the potential functional significance of responses to these agents, we performed an analysis of pathways affected by the different agents. We used an impact analysis approach that applies overrepresentation of differentially abundant proteins in a given pathway, i.e., enrichment analysis, plus perturbation of that pathway, which takes into consideration the direction of all signals in a pathway and the position, role, and type of every protein (24) . This analysis showed that proteins changing in abundance with treatment across multiple conditions were involved in pathways related to growth and proliferation, metabolism, development, cell cycle, and protein synthesis and processing (Dataset S5). Cultures treated with BPA and E2 showed proteome alterations affecting four pathways in common: glycolysis/glucogenesis, carbon metabolism in cancer, ECM-receptor interaction, and biosynthesis of amino acids. Steroid hormone biosynthesis was affected in PCB-treated (P = 0.025) and Pht-treated (P = 0.043) cultures. Protein processing in endoplasmic reticulum was affected in all treatments but was significant only in BPA (P = 0.039). ER protein-processing proteins that were altered were Pdia4, Cair, P4hb, and Prkcsh, all of which were up-regulated, and Rad23a, which was down-regulated. Chemical-Specific Proteome Changes.
BPA. Responses in BPA-treated cultures were distinct from those seen with E2 treatment. Focal adhesion assembly (P = 0.006), substrate adhesion-dependent cell spreading/cell migration (P = 0.014), epithelium morphogenesis (P = 0.017), PI3 kinase (P = 0.008), DNA replication (P = 0.009), and nuclear division (P = 0.019) were altered. At the pathway level, cellular proliferation pathways such as pancreatic cancer (P = 0.039) and viral carcinogenesis (P = 0.047) were uniquely impacted by BPA. This treatment resulted in the down-regulation of the tumor-suppressor retinoblastoma 1 (Rb1), which is lost in a majority of human cancers. In the mammary gland, Rb appears to function redundantly with retinoblastoma-like-1 (p107) and -2 (p130). Neither p107 nor p130 was detected in our analysis. Deletion of Rb1 alone is not sufficient to perturb mammary development (25) . However, transgenic expression of an inhibitory fragment of the SV40 large T-antigen that inactivates all three proteins without inactivating p53 is sufficient to induce a premalignant state of enhanced proliferation and apoptosis in mice (26) .
The Rho GTPases cell division cycle protein CDC42 (Cdc42) and Ras-related C3 botulinum toxin substrate 1 (Rac1), which regulate mammary epithelial invasion into diverse stromal environments (16, 27, 28), were up-regulated by BPA exposure.
Similarly BPA previously has been found to regulate Rac1/Cdc42 expression positively in hippocampal neurons (29) . Overexpression of Cdc42 in the developing mammary gland results in increased side branching and abnormal terminal end bud morphology through increased MEC contractility and motility rather than through effects on proliferation (30) . Up-regulation of Cdc42 activity may play a key role in tamoxifen resistance (31) . Rac1 is up-regulated in malignant but not in benign breast cancers (32) . Rac1 activity can regulate estrogen receptor transcriptional activity positively in human breast cancer cell lines (33) . In contrast to BPA, estrogen has been reported to regulate Rac1 expression negatively in monocytes (34) and vascular smooth muscle cells (35) , although in the present study E2 treatment did not alter Rac1 expression significantly. We speculate that through its positive regulation of Rac1 levels BPA may function as an estrogen sensitizer by antagonizing a negative feedback loop of estrogen on Rac1 levels. PCB. PCB-treated cells showed changes in multiple proteins involved in defense response, cell differentiation (P = 8.6e-4), proliferation (P = 0.007), vesicle-mediated transport (P = 0.029), and cellular response to oxygen-containing compounds (chemicals) (P = 0.043). The overlap of GO terms found in more than one condition. The intensity of the shading indicates the significance (P value) of the pathway. All black and gray boxes have a P value of ≤0.05; white boxes have a P value of ≥0.05 and are not significantly altered; n = 4 in each group. molecular functions that were the most altered by PCB treatment were Notch binding (Aak1 and Ncor2, both decreased in abundance), protein kinase activity and protein tyrosine phosphatase activity, DNA binding, and histone deacetylase binding.
The most significant pathways affected by PCB treatment were Notch signaling (P = 0.009), steroid hormone biosynthesis (P = 0.025), and mRNA surveillance (P = 0.035). The Notch signaling pathway has been implicated in both the development and progression of breast cancer. Specifically, the levels of the phosphoprotein C-terminal-binding protein 1 (CTBP1) were increased. CTBP1 is a transcriptional repressor with roles in cellular proliferation and apoptosis (36, 37) . It down-regulates the transcription of Brca1 and E-cadherin in human breast cancer cells (38) . However, we did not observe significant differences in E-cadherin protein levels in control and PCB-treated organoids. Brca1 was not detected. Nuclear receptor corepressor 2 (NCOR2), a member of the thyroid hormoneand retinoic acid receptor-associated corepressor family, was downregulated. Aberrant expression of this protein is associated with certain cancers, including breast (39, 40). The mRNA surveillance pathway is a quality-control mechanism that detects and degrades abnormal mRNAs (41, 42) . The nonsense-mediated decay mRNA surveillance pathway down-regulates aberrant E-cadherin expression in gastric cancer cells (43) . Phthalate. Phthalates are considered endocrine disruptors because of their complex effects on several hormonal systems, including estrogen (44) . Of the three chemicals tested, Pht treatment induced the proteome response that was the most distinct from that of E2 (Fig. 2D) . The top pathways affected included apoptosis (P = 5.3e-4), proliferation of mammary gland epithelial cells (P = 0.003), proliferation of mesenchymal cells (P = 0.005), tissue regeneration, (P = 0.007), and ubiquitin-protein transferase activity (P = 0.003).
In Pht-treated cultures, the most dysregulated functions were glutathione peroxidase activity, protein serine/threonine phosphatase activity, and protein 2A phosphatase (PP2A) regulatory activity. The PP2A holoenzyme contains three subunits: scaffold subunit A, regulatory subunit B, and catalytic subunit C. Protein phosphatase 2A activator, regulatory subunit B (PPP2R4), which was found in higher levels (1.8-fold, P = 0.004), regulates estrogen receptor alpha (ERα) expression by modulating mRNA stability and is involved in the phosphatidylinositol-3 kinase (PI3K)/serine/threonine-protein kinase (Akt) signaling pathway (45, 46) . Immunoglobulin-binding protein 1, a regulatory protein of the catalytic subunit of PP2A that alters activity and substrate specificity (47), was down-regulated (−1.6-fold, P = 0.003). The scaffold (PPP2R1A) (1.5-fold, P = 0.037) and β-catalytic (twofold, P = 004) subunits were up-regulated. PPP2R4/PP2A regulates ERα expression by modulating ER mRNA stability; hence, it has been considered a potential therapeutic target for breast cancer (45) . PPP2R4 is involved in the PI3K/Akt signaling pathway that modulates the interaction between BRCA1 and ER-α (46). Mutations of PPP2R4 contribute to multiple cancer types, including breast (48) . PPP2R4 inhibits telomerase activity in human breast cancer cells (49) and is inhibited by tamoxifen. Finally, ubiquitin-protein transferase activity was affected, with the up-regulation of ubiquitin-like modifier activating enzyme 1 (Uba1), ubiquitin-conjugating enzyme (Ube) E2 D3, Ube2n, Ube2l3, and kelch-like protein 42 observed.
At the pathway level, treatment with Pht affected ubiquitinmediated proteolysis (P = 0.008), an important cellular mechanism for targeting abnormal or short-lived proteins for degradation. Protein ubiquitination is a multistep enzymatic process that regulates the stability, function, and/or localization of the modified proteins. Uba1, found in lower abundance in Phttreated cultures, catalyzes the first step in ubiquitin conjugation to mark cellular proteins for degradation. This protein is required for the DNA damage response, and mutations in the catalytic domain result in cell-cycle arrest and decreased DNA synthesis (50, 51) . Similar to Uba1, the ubiquitin-conjugating enzymes E2L3, E2D3, and E2N were decreased in abundance. Studies in mice suggest that E2N, also known as "Ubc13," plays a role in DNA repair (52) . The E2L3 enzyme participates in c-Fos degradation and NF-κB maturation in vitro and potentially could affect the pathways involved in cellular proliferation (53) . We identified several genes classified in the Huntington's disease pathway, including Bax (BCL2-associated X protein), glutathione peroxidase 1 (Gpx1), and Huntingtin. Bax (increased 2.5-fold) accelerates programmed cell death (54) , functions as an apoptotic activator, and is regulated by p53 (55) . Multiple studies have implicated Gpx1 (increased 1.8-fold) in breast cancer development and progression (56) (57) (58) .
In summary, these data suggest that the primary actions of the chemicals, whose direct effects we analyzed in primary mammary organoid cultures, were not the result of hormone disruption. Many of the GO terms mapped to proteins with common ancestry, i.e., general, terms. Thus, the processes and functions that lead to proliferation and differentiation were affected, with diverse downstream consequences at the pathway level. Indeed, in all conditions we observed decreases in proliferation and stemness that were concordant with a phenotype that is more susceptible to transformation.
Alternative Splicing. In addition to changes in protein abundance, alterations in isoform expression constitute proteome alterations that are dynamically regulated during development and tumorigenesis (59) . For example, alternative splicing of epidermal growth factor receptor results in the expression of a constitutively active isoform that is selectively expressed in prostate and ovarian cancers but not in the normal tissues from which they arise. We hypothesized that if exposure to environmental chemicals altered organoid development, the mechanisms might include their effects on the expression of particular protein isoforms (60) . To investigate changes in splicing across the proteome, we took advantage of the copious sequence data produced by the MS/MSbased proteomic approach used in this study.
Isoform-specific quantification was accomplished by calculating protein ratios using spectra from peptides that were distinct to each isoform. We observed 72 differentially expressed proteins translated from alternative splice variants in a treatmentdependent manner (Dataset S6). A subset of the protein variants with potential cancer relevance is shown in Table 1 . The isoforms of the NADH-binding transcriptional repressor CtBP1 are important regulators of tumor suppressors (61) that are required for high-fidelity replication of DNA during mitosis (38, 62) and play a role in breast cancer chemoresistance (63) . Isoform 2 of CtBP1 was down-regulated by PCB and, to a lesser extent, by Pht in organoids treated with these chemicals. This down-regulation is consistent with the antiproliferative effect of these chemicals. An antagonist of the oncogenic Notch receptor signaling pathway, Numb, was up-regulated in response to Pht treatment. In the breast, loss of Numb expression is associated with triplenegative breast cancers (64) . In mammary cancers that retain Numb expression, its function as a negative regulator of Notch signaling is impaired (65) . Elevation of Numb protein in renal epithelial cells promotes a migratory program characterized by EMT (66) . Consistent with the induction of a migratory phenotype, Pht treatment also down-regulated Focad-1, a focal adhesion protein that is a suppressor of glial tumor invasion (67) , and α-catenin, which is involved in actin assembly at focal adhesions, linking E-cadherin/β-catenin to the actin cytoskeleton. Loss of α-catenin in the hair follicle is sufficient to promote skin cancer (68) . The ubiquitin ligase cullin-4B (CUL4B) was decreased in BPA-and E2-treated cultures. Mutations in this protein were identified in BRCA + family members with breast cancer and were absent in unaffected family members (69) . CUL4B is a component of Wnt-induced targeting that regulates cell-cycle progression (70).
Several mRNA-processing proteins, including splicing regulators and modulators, many of which function in cell growth and differentiation in cancer, also were detected in altered abundance. We found altered expression of the regulators serine/arginine-rich splicing factor 3 (SRSF3), splicing factor 3A3 (SF3A3), heterogeneous nuclear ribonuclear proteins Q and A1, small nuclear ribonuclear proteins A′ and E, regulation of nuclear pre-mRNA domain-containing protein 2 (RPRD2), RNA-binding proteins 22, 4b, 39, 47, and MS, and the RNA helicase DHX30 (Table 1) . Perturbation of the splicing machinery also can activate the p53 pathway (71, 72) .
The observation of differentially expressed proteins translated from alternative splice variants, many of which function in cell growth and differentiation in cancer (8, 73) , is intriguing. Alternative splicing significantly increases functional gene diversity, and aberrant splicing contributes to tumor progression and resistance to cancer therapy (59). Dysregulation of splicing, which plays critical roles in numerous cancers at multiple points in disease progression, has been estimated to occur in 50% of tumors (71, 74, 75) . We previously have observed that alternative splicing of p120-catenin (76) and Rac1b contribute to fundamental changes such as EMT that occur during tumorigenesis (77) .
Conclusions
In summary, although multiple proteins showed similar changes, treatment with each chemical resulted in a distinct proteinexpression profile. Pathway analysis showed that the proteins changing in abundance with treatment across conditions were involved in pathways related to growth and proliferation, development, cell cycle, and protein synthesis. We also identified more than 30 protein isoforms, indicating that environmental chemicals affect splicing. Our results with these prototypical chemicals suggest suppression of proliferation and differentiation in the setting of altered expression of protein isoforms.
In this study we examined the effects of physiological levels of xenobiotic agents on relative protein abundances in mouse mammary organoids. The dramatic changes in organoid morphology that we observed with nanomolar concentrations of these agents suggested the suppression of cell proliferation and/or differentiation, a surprising result. In support of this idea, Biro et al. reported in their puberty studies (10) (11) (12) 78 ) that breast development is accelerated in girls with a high body mass index, but the highest blood and urine levels of environmental chemicals were associated with delayed breast development. In an independent study, we found that differentiation and cell-cycle genes are suppressed in the stem-like cells that disseminate from primary patient-derived xenograft tumors (79) . We exploited the mechanisms of morphogenesis identified in normal mouse epithelium that have informed our understanding of tumor growth and invasion in human breast cancer. The results of the global proteome profiling and quantification study presented here pointed to the important finding that, at low doses, each chemical exposure had unique effects on diverse molecular functions. Although BPA elicited the proteome response most similar to the response to E2, there were some important differences, notably in the up-regulation of Rac1 and Cdc42 by BPA. Pht and PCB treatment elicited a proteome response consistent with a migratory, antiproliferative phenotype.
A caveat of mammary organoid studies is the heterogeneity of the cell types present. Organoids have epithelial cells as well as some stromal fibroblasts and inflammatory cells. It is possible that the chemicals alter the balance of mammary cell types (luminal, basal, and less differentiated cells) in the organoids (8, 80, 81) . As a result, proteins with altered expression may contribute to disrupted breast development or facilitate the induction of breast cancer. Ultimately, the information about the proteinlevel effects of environmental stressors we obtained by using a model system will be validated in pubertal mice and in mice orthotopically transplanted with human breast epithelium.
Materials and Methods
Chemicals. FGF-2, Pht, PCB153, BPA, and 17-β-estradiol and, unless otherwise described, all other chemicals were purchased from Sigma.
Organoid Cultures. Experiments were approved by the University of California, San Francisco Institutional Animal Use and Care Committee. Primary mammary gland organoids were prepared according published procedures (16, 82) . Mammary glands from 6-to 8-wk-old FVB/n mice were removed aseptically, minced with scalpel blades, and digested with 0.1% collagenase/ trypsin for 30 min at 37°C. The digested cells were centrifuged at 1,500 rpm for 10 min using a Beckman Allegra X-12R centrifuge with an SX4750 rotor, supernatant containing fat tissue was discarded, and cell pellets were resuspended in 40 U/mL DNase I. Organoid clusters were separated from single-cell organoids by differential centrifugation. Aggregates were resuspended and embedded in growth factor-reduced Matrigel at a 1 aggregate/μL concentration. The Matrigel pellets were overlaid with DMEM/F12 supplemented with insulin-selenium-transferrin, penicillin-streptomycin, and 5 nM FGF-2, and compounds were dissolved in 0.0001% DMSO or in DMSO alone. Quadruplicate cultures of mouse mammary organoids were treated with 20 nM BPA, Pht, PCB153, E2, or DMSO for 6 d. Organoids in 50-μL Matrigel drops were photographed by bright-field microscopy after 6 d of growth at 37°C, 5% CO 2 .
Sample Preparation. Four biological replicate samples from each treatment were prepared for proteomic analyses. For each sample, organoids from 0.5 mL of Matrigel droplets were isolated by dissolution of Matrigel in 2.5 mM EDTA in PBS at 4°C. After three washes with the PBS-EDTA solution, organoids were solubilized in 8 M urea containing Complete protease inhibitor mixture (Roche) and were clarified by centrifugation for 10 min at 16,500 × g. Fifty micrograms of protein extract from mammary organoids were trypsin digested and labeled with iTRAQ 8plex reagent (Sigma-Aldrich) as previously described (Fig. 1A) (83) .
LC-MS Analysis. Peptides from the three multiplexes were first separated offline into 20 fractions using alkaline pH reversed-phase HPLC (84) . Peptides from each fraction were separated using a nanoLC Ultra 2D Plus system (SCIEX) interfaced with a 5600 Triple TOF mass spectrometer (SCIEX). The peptides were initially loaded onto a guard column (300 μm i.d. × 5 mm, 5-μm particle size, 100-Å pore size; Acclaim PepMap300 C18; Thermo-Fisher) and were washed with the aqueous loading solvent that consisted of 2% solvent B [98% acetonitrile (ACN)/0.1% formic acid (FA)] in solvent A (2% ACN/0.1% FA), flow rate 12 μL/min for 3 min. Then the peptides were separated on a C18 Acclaim PepMap100 column (75 μm i.d. × 150 mm, 3-mm particle size, 100-Å pore size; Thermo Fisher Scientific) heated at 40°C with a column oven. Peptides were eluted at a flow rate of 300 nL/min with a gradient of 2-35% solvent B for 90 min. In positive ion mode, MS scans from m/z 400-1,600 were acquired followed by MS/MS scans of the 20 most abundant ions with an exclusion time of 15 s.
Bioinformatics and Statistics. Proteins were identified and quantified using ProteinPilot v. 4.5 software (17) and the UniProt v. 201302 human database with isoform sequences. iTRAQ ratios were calculated using the pooled DMSO control as the denominator, and bias correction and background subtraction were applied. Protein ratios were calculated using only ratios from the peptide spectra that were distinct to each protein or protein form, thus eliminating any masking of changes in expression caused by the sharing of peptides among proteins. A target-decoy database containing the reversed sequences of all the proteins appended to the target database was used to calculate peptide and protein FDR rates (85) . The limma method was utilized to estimate the differences in expression between treated and control cultures (86) . Proteins were identified as differentially expressed if the corresponding q values were less than 0.05, based on the BenjaminiHochberg method, and if the absolute log expression was less than 0.06. Hierarchical clustering was performed using MultiExperiment Viewer using Euclidean distance and average linkage clustering (87) . The significantly impacted pathways, biological processes, and molecular interactions were analyzed using Advaita Bioinformatic iPathwayGuide software (www. advaitabio.com/ipathwayguide.html) in the context of pathways obtained from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Release 73.0+/03-16) (88, 89) and the gene ontology from the Gene Ontology Consortium database (2014-Sep19) (90) . The Elim pruning method, which iteratively removes the genes mapped to a significant GO term from more general (higher level) GO terms, was used to overcome the limitation of errors introduced by considering genes multiple times (20) .
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